We tested the importance of nest cleaning in egg rejection behaviour of the great reed warbler Acrocephalus arundinaceus in a highly parasitised population in which about 64% of nests are parasitised by the common cuckoo Cuculus canorus. Three types of objects of the same weight, texture and colour but with different shapes (dummy cuckoo eggs, sticks and disks) were placed into great reed warbler nests. We investigated the response of hosts in two stages of breeding: pre-incubation when the risk of brood parasitism is high, and during incubation when the risk of parasitism is low. The dummy cuckoo eggs were rejected less often than the other objects in both breeding stages, although we did not find any difference in the frequency of rejection between pre-incubation and incubation. We integrate these results into current views on the evolution of host-parasite interactions, and propose a hierarchical concept to understand egg rejection behaviour: (1) hosts reject all non-egg shaped objects as a general cleaning mechanism; (2) adaptations for the hosts' ability to recognise their own eggs allows them to distinguish these eggs from similar objects and parasitic eggs. H-1083, Hungary. Zsolt Karcza, BirdLife Hungary, Budapest, Költö u. 21, H-1121, Hungary. Present address: Institute for En6ironment Management, Budapest, Szófia u. 9, H-1088 The common cuckoo Cuculus canorus is a widespread brood parasite of many bird species in Europe and Asia (Wyllie 1981 , Davies 2000 . The vast majority of these hosts, and also some hosts of a North American brood parasite, the brown-headed cowbird Molothrus ater, show various degrees of rejection behaviour towards parasitic eggs. These reactions, for instance ejection of the parasitic egg or desertion of the parasitised clutch, are regarded as antiparasite defences (Rothstein 1975 , Davies and Brooke 1988 . These conditional responses relate to the egg recognition ability of the host, and they depend on the costs and benefits of egg recognition by the hosts (e.g. Marchetti 1992 , Davies et al. 1996 , Lotem and Nakamura 1998 , Røskaft and Moksnes 1998 , Øien et al. 1999 , Rodriguez-Gironés and Lotem 1999 . However, a recent study by Hosoi and Rothstein (2000) revealed that nest desertion in cowbird hosts differs from nest desertion observed in © JOURNAL OF AVIAN BIOLOGY JOURNAL OF AVIAN BIOLOGY 34:1 (2003) 16 cuckoo hosts, because the former are apparently due to stimuli other than the presence of a cowbird egg in the nest, such as the sight of an adult cowbird near the hosts' nest.
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The great reed warbler Acrocephalus arundinaceus is a well-known host of the common cuckoo. In Japan, great reed warblers ejected 47.4% of cuckoo eggs, although nest desertion (11.5%) and egg burial (2.6%) also occurred (Lotem et al. 1995) . In Hungary, nest desertion was more common (19.6%) than egg ejection (11.7%) or egg burial (2.4%; Moskát and Honza 2002) . However, great reed warblers also displayed burial, ejection and nest desertion to reject non-egg objects such as 3 cm long reed stems, and coins 1.6 -2.1 cm in diameter (Bártol et al. 2002) . These observations are consistent with the hypothesis that the rejection of parasitic eggs could be the result of nest cleaning behaviour (Rothstein 1975) . We therefore hypothesised that nest cleaning behaviour, which occurs in many host and non-host species (e.g. in gulls, Tinbergen et al. 1963) , may explain rejection behaviour.
Many birds remove various objects from their nests, including faeces, eggshells, leaves, twigs and pebbles. Such removal may protect the eggs from physical damage, increase the efficiency of incubation or reduce the vulnerability of nests to predators. Nest cleaning behaviour appears to be similar to the object-ejection behaviour observed in hosts of brood parasites. Since nest cleaning is a more general behaviour, we follow Rothstein (1975) and argue that antiparasite behaviour may have evolved from nest cleaning.
In the present study we investigate the responses of great reed warbler towards both parasitic eggs and foreign objects in a standardised manner. These objects had the same weight, texture and colour, although their shapes were different: one imitated a parasitic cuckoo egg, whereas the others had an elongated or a rounded form imitating a stick or a disk, respectively. Our population of great reed warblers suffer from unusually heavy parasitism (about 64% of the nests are parasitised) and this high level of prevalence started at least 6-7 decades ago (Moskát and Honza 2002) . Thus, the hosts we studied should have had a good opportunity to develop antiparasite defences.
We investigated two related hypotheses. First, we hypothesised that the removal of foreign objects is a type of nest cleaning behaviour. Hence, we expected that the frequency of rejection would be highest for objects least similar to the eggs of the host (e.g. non-egg shaped objects), and lower for objects more similar. Second, we hypothesised that object removal is a specific antiparasite defence because it is aimed at removing the parasitic egg, as an evolved response to parasitism. Hence, we expected that rejection of parasitic eggs, which can potentially wipe out the host's reproductive success, should be more frequent than the rejection of other foreign objects with less influence on reproductive success.
Study area and methods
The study was conducted in central Hungary, about 40 km South of Budapest, near Bugyi and Apaj (47°09%N, 19°05%E) . The study area was a small flood-relief channel with a 3 -5 m strip of reed Phragmites australis along both sides (Moskát and Honza 2000) . We searched for nest building great reed warblers between 15 May and 3 July 1999, and 16 May and 29 June 2000. We placed one object in each nest; each nest was used for one treatment and each object was used only in one nest. We used three types of objects; all were standardised for weight, texture and colour: (i) sticks: nails covered by polyester (length: 30 -33 mm and diameter: 4-5 mm). Their shape resembled a reed stem that can potentially fall into nests. (ii) Disks: small coins (1 HuF) covered by polyester (diameter: 18 -21 mm and thickness: 3 mm). These represented an artificial object that is unlikely to occur in nests. (iii) Dummy eggs: eggs made of polyester (about 23 mm ×17 mm), and their shape imitated a cuckoo egg that was collected from a great reed warbler nest and kept at the Egg Collection of the Hungarian Natural History Museum (Budapest). These dummy eggs showed low or no mimicry to eggs of the great reed warbler.
All objects were painted with acrylic paint to resemble the cuckoo egg: beige was the background colour, and the dots and blotches were sepia and dark brown. All objects weighed 3.2 -3.5 g, which is within the range of cuckoo eggs (2.9 -3.8 g; Wyllie 1981 ).
The objects were put into pre-incubated nests (i.e. pre-laying nests: the nest building was completed but no egg was yet laid; egg-laying: one host egg was exchanged with an artificial parasitic egg), or into incubated nests 2 -3 days after the clutch was completed. Each nest was checked daily after the experiment started until the reaction of the host (burial, ejection, or nest desertion) had occurred. Rejection typically occurs before the 6th day post-manipulation (Moksnes et al. 1991a , b, Lotem et al. 1995 , Moskát and Fuisz 1999 , thus we considered acceptance if the object was still in the nest on day 6. Nest desertion was recognised if the nest appeared to be abandoned for at least 3 consecutive days, i.e. the eggs were cold, the parents were not observed around the nest or the nest-cup was wet. All statistical tests were two-tailed.
Results
147 experimental nests survived until the end of the observation period (Table 1 ). The rejection rate of dummy eggs did not differ between pre-egg-laying and egg-laying (Fisher exact test, P = 0.704), so we combined these as pre-incubated nests. In pre-incubated nests almost all non-egg shaped objects were rejected (93.5% of sticks and 93.1% of disks, Table 1 ). No Table 1 . Responses of great reed warblers to various objects during pre-incubation (pre-egg-laying and egg-laying) and incubation. All objects had a similar weight, texture and colour.
Burial
Total number of nests Ejection Desertion Acceptance Pre-egg-laying:  sticks  1  28  -31  2  disks  12  15  29  -2  dummy cuckoo eggs  1  5  16  6  4  Egg-laying:  dummy cuckoo eggs  -15  4  6  5  Incubation:  sticks  -19  19  --disks  -15  -2  1 7  dummy cuckoo eggs  -13  20  -7 desertion occurred in these nests, although disks were often buried (41.4%). Desertion was only observed in nests that contained a dummy cuckoo egg (38.7%). Dummy eggs were rejected less often (71.0%) than the other two objects (93.3%, Fisher exact test, P = 0.009).
Neither burial nor desertion occurred in incubated nests. All sticks (100%), and most disks (88.2%) and dummy eggs (65.0%) were ejected. Dummy eggs were rejected less often (65.0%) than the other two objects (94.4%, Fisher exact test, P =0.007). Finally, the frequency of rejection did not differ between pre-incubated and incubated nests (x 2 tests with continuity correction, non-egg objects: x 2 =0.05, df = 1, P = 0.828; dummy eggs: x 2 =0.02, df =1, P=0.889). The cost of rejection was low, since we only had four cases when the host mistakenly ejected its own egg(s) together with the dummy egg or the object. One stick and two host eggs were removed from a nest during pre-incubation, one host egg each was removed from two incubated nests with a dummy egg, and one host egg was removed with a disk from an incubated nest.
Discussion
Our main result is that great reed warblers rejected the dummy cuckoo eggs less often than the non-egg shaped objects. This result may reflect the importance of nest cleaning behaviour. Similarly, red-winged blackbirds Agelaius phoeniceus and yellow-headed blackbirds Xanthocephalus xanthocephalus accepted nearly all experimental eggs regardless of colour and maculation, whereas they rejected all other objects from their nests (Ortega and Cruz 1988) . One of these species, the red-winged blackbird, is frequently parasitised by brown-headed cowbirds. Thus Ortega and Cruz's study on two accepter species and our study on a rejecter species are consistent with the explanation that hosts, or potential hosts, use a simple rule-of-thumb: they accept objects similar to their own eggs, and reject dissimilar objects. However, similarity of eggs may be difficult to quantify, because similarity may depend on the visual system of the organism (Cherry and Bennett 2001) . Although hosts tend to reject eggs that are dissimilar to their own ones (Lotem et al. 1995) , adaptation of a host species to parasitism seems to be selected not against the foreign parasitic eggs, but towards better recognition of the host's own eggs (Rothstein 1982, Sealy and Lorenzana 1998) . When we introduced a parasitic egg or a non-egg object into an empty nest, female warblers could not compare these objects to their own eggs. Consistent with the nest cleaning hypothesis their rejection response did not differ between pre-incubated and incubated nests. Ejection, as a method of rejection, became more frequent during incubation, and the frequency of desertion was lower during incubation than pre-incubation. The latter results are consistent with the notion that the cost of desertion increases from pre-incubation to incubation.
There was an apparent trend towards burying disks, whereas sticks were typically ejected. We propose that the different responses to sticks and disks may have occurred because the rounded, flat objects were easier to bury than the long stick-like ones.
The rate of rejection did not differ between the two breeding stages. Birds continued nest cleaning during the whole incubation period. A high level of rejection of parasitic eggs during nearly the full span of incubation is typical in several songbirds (Davies and Brooke 1989 , Moksnes et al. 1991b , although the risk of parasitism is low during incubation (Moskát and Honza 2002) . Rejection rates fall near the end of incubation, for instance, great reed warblers accept dummy cuckoo eggs 3 -5 days before hatching of their eggs (n = 9; Moskát unpubl. data).
We conclude that nest cleaning behaviour may be an important evolutionary stage toward rejection of parasitic eggs. Nonetheless, we recognise that nest cleaning and antiparasite defences are not easy to distinguish, although they may represent two endpoints of rejection behaviour. Clearly, further experimental and comparative phylogenetic studies are needed to clarify the relationships between these two hypotheses.
We propose that rejection behaviour should be understood at two levels: (1) birds reject all non-egg shaped objects from their nests as a general cleaning mechanism; (2) the hosts develop an ability to recognise their own eggs, and distinguish these eggs from the parasitic ones. One may propose, however, that increased selection for better egg recognition should improve the host's ability to detect any foreign object. This may be a side effect of egg rejection (we acknowledge this suggestion to an anonymous referee). Our current experiment cannot exclude this proposition. To distinguish between our original hypotheses and the latter proposition one should replicate this experiment comparing a naive, unparasitised population with a parasitised one of the same species. Comparing the responses of hosts to non-egg objects will tell us whether the rejection rate has increased as a side effect of antiparasite defences. A similar logic may be applied by comparing closely related species-pairs using phylogenetic comparative methods (Martins 2000) . Recently Carter et al. (2000) have shown that it is possible to amplify microsatellite markers from the DNA of spermatozoa trapped in the perivitelline layers of avian eggs. This makes it possible to establish whether sperm reaches the ovum and to identify the males that contribute sperm competing to fertilise an egg. In this article we quantify the genotyping error rate associated with the biased amplification of differently sized alleles. We conclude that multiple marker loci should be used and that those markers where the competing males' alleles differ by more than ten base pairs should be avoided. 18071, Granada, Spain. E-mail: jgmartin@ugr.es The outcome of sperm competition is determined by several factors, such as the timing of inseminations and the number and quality of spermatozoa inseminated by different males (Birkhead 1998a) . There is also a potential role for females in sperm use through the retention of a variable proportion of sperm after insemination (Birkhead 1998a, b) . Because sperm competition is inferred using paternity analyses, single paternity of a set of ova can mask the presence of sperm from more than one male in the female's tract. The possibility of determining whether different males' sperm interact with the ovum provides new ways to study sperm competition. Recently, Carter et al. (2000) have shown that is possible to amplify microsatellite markers from the spermatozoa trapped in the perivitelline layers of avian eggs. The perivitelline membrane or layer (PVL, Fig. 1 ) is a transparent bag that encloses the yolk. It consists of two distinct layers: the inner layer acts as a substrate for the attachment of the germinal disc, a flat disc where the embryo develops (Cook et al. 1985) , and is also the site of penetration of spermatozoa (Howarth 1990 , Birkhead et al. 1994 ). Immediately after fertilisation the outer layer is laid down, trapping any spermatozoa present in the infundibulum, and once the egg is laid trapped spermatozoa can be visualised and counted, providing the best estimate of the number of spermatozoa reaching the ovum at the site of fertilisation (Wishart 1987 , Birkhead et al. 1994 . Thus, in cases of multiple mating where sperm from different males reach the ovum, the PVL will retain spermatozoa from those males, allowing their identity to be determined by genetic analyses, such as microsatellite typing (Carter et al. 2000) . Although the eggs need to be sacrificed in order to do it, these analyses represent a powerful tool in studies of sperm competition.
The main advantage of using PCR-mediated techniques such as microsatellite typing is that it is possible to amplify a target sequence from virtually any sample that contains some DNA (for example single cells, Findlay et al. 1997) . However, several studies have shown that although obtaining PCR products can be easy, it may not be reliable when working with low JOURNAL OF AVIAN BIOLOGY 34:1 (2003) amounts of DNA as template (Taberlet et al. 1996 , Gagneux et al. 1997 , Taberlet et al. 1999 . Carter et al. (2000) used the perivitelline layers of 10 eggs from two tree swallow (Tachycineta bicolor) females to amplify two microsatellite markers from spermatozoa DNA. The genotypes obtained from the samples of layers were compared with the ones of both mother and social father. In most eggs non parental alleles were amplified, and they were interpreted as coming from sperm of males other than the social partners of the females, in accordance with an scenario of sperm competition that is usual in the species. However, the study did not estimate properly the accuracy of typing sperm because it lacked the identity of competing males. Here we show limitations to the applicability of the technique using experimental inseminations with sperm of males of known genotypes.
Methods
We typed samples from 39 domestic fowl Gallus domesticus eggs. Males and females were chosen so that their genotypes differed at least at one locus and in each case we could distinguish paternal and maternal alleles and the alleles from both males. Two kinds of experiments were performed. In one of them, four hens were inseminated simultaneously with a mixture of sperm from two males. In the other, two females were inseminated using sperm from one male, allowed to lay 4 or 5 days and then inseminated with sperm from a second male and allowed to lay for a further 4 or 5 days. This allowed us to work with samples derived from eggs laid by females either inseminated with sperm from only one male, which we will call one-male eggs, or inseminated with sperm from two males (simultaneously or sequentially), hereafter referred to as two-male eggs. The identity of the hens and cocks, type of experiment and number of eggs collected are given in Table 1 .
Blood samples were taken from all the individuals in this study and kept in 100% ethanol. Eggs were collected just after laying and they were kept refrigerated until dissection to prevent embryonic development. The yolk of each egg was separated from the albumen and placed on a petri dish with saline solution. The perivitelline layers were removed by cutting the ovum into two pieces with scissors and then washed in saline solution to clean all the yolk. Samples were kept frozen or in 100% ethanol until DNA extraction. Roughly half the perivitelline membrane of each egg was used for DNA extraction (in a few cases we obtained two or three samples from the same egg). To avoid maternal/ embryonic contamination we removed the germinal disc area before DNA extraction (Martinez and Burke in prep.). DNA was obtained using a phenol -chloroform extraction including Dithiothreitol (DTT, Sigma) in the proteinasing solution to break the spermatozoa protein heads (Gill et al. 1985) . DNA was precipitated by adding 2 volumes of 100% ethanol and 2 ml of 2M sodium acetate, dried and dissolved in 20 ml of water.
DNA extractions from PVL's yielded samples of less than 1 ng per ml of concentration. When working with poor sources of DNA some degree of typing error (that is, obtaining an incorrect genotype) is expected. This may happen in several ways, mainly allelic dropout and false alleles (Goossens et al. 1998 , Taberlet et al. 1999 . Allelic dropout occurs when only one allele of a heterozygous individual is detected, thus producing a false homozygote. False alleles are amplification artefacts that may arise during PCR and can be misinterpreted as true alleles. The most conservative method of obtaining reliable genotypes from small amounts of DNA is to repeat each DNA amplification several independent times, the so-called multiple-tube approach (Taberlet et al. 1996 (Taberlet et al. , 1999 . For this reason, we genotyped our samples several times independently to obtain the expected genotype, that is, the genotype of the male(s) whose sperm was used to inseminate the hens. Table 1 . Hens and cockerels used (in brackets their genotypes for locus LEI0237), type of insemination and number of eggs collected. * One-male eggs, ** two-male eggs. Proportion/order refers to the proportion of sperm from each male used in the simultaneous inseminations or to the order in which males were used in the sequential inseminations. Allelic dropout may also happen because of the preferential amplification of shorter alleles. If the alleles in a sample are very different in size the preferential amplification of the shorter one in the first cycles of PCR may produce also a false homozygote (Walsh et al. 1992) . Parents were genotyped for a number of loci but we could only find one marker for which females and both males were all different for both alleles, LEI0237 (McConnell et al. 1999 ), a microsatellite containing a tetranucleotide repeat (i.e. made up of a core sequence of four nucleotides tandemly repeated a number of times). This type of microsatellites has some advantages in typing, but their alleles are quite large, and the differences in size between alleles are larger than with dinucleotides (i.e. microsatellites with a core sequence of two nucleotides tandemly repeated). The size of males' alleles in this study differed greatly, by up to 120 base pairs. To get an idea of the frequency of allelic dropout under these conditions, we carried out a series of amplifications using a mixture of DNA from males 2619 and 2699. We mixed stock DNA of the same concentration from both males in three different ratios: 50:50, 80:20, and 20:80 (2169 and 2699, respectively) , and diluted it down to three concentrations: 1.00, 0.10 and 0.05 ng per ml. We used these samples to carry out seven reactions for each of the nine concentration/ratio conditions. Each 10-ml PCR reaction contained 0.1 units of Amplitaq Gold polymerase (Perkin Elmer), 1 mM of each primer (one of them fluorescently-labelled), 2.0 mM MgCl 2 , 0.2 mM of each dNTP in the manufacturer's buffer (GeneAmp 10 × PCR buffer II, Perkin Elmer), and 1 ml of template. PCR amplification was performed as follows: 94°C for 10 minutes, 45 cycles of 94°C 1 min., 50°C 30 seconds and 72°C 2 min., and a final step of 72°for 2 minutes. In each set of PCR experiments we included a blank sample, i.e., with water instead of DNA. The products were run in an ABI PRISM 377 DNA sequencer (Applied Biosystems). GENESCAN v3.1 (Applied Biosystems) was used to determine the size of the fragments detected and consequently the genotypes.
Results
In total, 49 PVL samples were tested with several reactions (mean = 6.51, S.D. =1.41). None of the blank samples gave products, the occurrence of non-parental alleles (likely to be PCR-generated non-allelic peaks) was rare (6 samples, 12.24%), and most amplifications contained alleles known to be present in the males (85.71%), as well as female alleles (85.71%). Despite this, allelic dropout was very frequent, and the expected genotype (i.e. two or four paternal alleles depending on the type of egg) was only found in the 40.82% of samples. Moreover, the likelihood of detecting male alleles and the expected genotype was different for one-male and two-male eggs. In the first case we amplified paternal alleles in 12 out of 15 samples, in all of them the correct genotype was found (corresponding to 8 out of 9 eggs). For two-male eggs however, we obtained paternal alleles in 30 of 34 cases, in 16 sperm from both males was detected, and only 8 samples were typed correctly. As for eggs, we detected both males' alleles in 15 eggs, but found the expected genotype in only 7 out of 30 eggs. The number of alleles detected in the simultaneous insemination experiment decreased significantly with laying order (Spearman's r s = −0.88, PB 0.0001, n =21, Fig. 2 ).
In the amplifications of a mixture of DNA from two males (see Section 1) allelic loss only happened in one of the nine combinations of concentration/ratio: those samples of very low concentration (0.05 ng per ml) where the larger alleles (367/375) were at low frequency (20:80 ratio). In these circumstances, only the short alleles (253/294) were amplified in all the reactions carried out, that is, the error rate was 100%.
Discussion
Our results clearly show that, in most samples, sperm DNA was amplified. Contamination from female DNA was also very common, despite having avoided the germinal disc area. This could be improved by using a two step DNA extraction method to separate embryonic/maternal and sperm fractions (Carter et al. 2000) . However, typing error rate was 59.18% of samples, much higher than other rates reported (14%, Goossens et al. 1998) or expected (30%, Taberlet et al. 1996) when working with picograms of DNA as template. There are two reasons for this: the low concentration of templates used and the preferential amplification of shorter alleles. The number of spermatozoa in the PVL can vary from a few tens to several thousands (Wishart 1987 , Birkhead et al. 1994 ); a few hundred in Carter et al.'s (2000) study. The chicken genome is 1.2 ×10 9 bp (Olafsson and Bernardi 1983), which is about 0.63 picograms of DNA per haploid cell. Assuming a number of spermatozoa between a thousand and a hundred thousand, the amount of DNA that could be extracted from a membrane would be 0.63 to 63 nanograms, which would represent a working concentration in our samples of 0.03 to 3 nanograms per microlitre. Carter et al. (2000) also found evidence of allelic dropout, but could not quantify its extent because they did not know the genotypes of the males involved in the inseminations. The number of spermatozoa clearly influences the possibility of recovering the expected genotype, since, for females in the simultaneous insemination experiment, as egg laying proceeds and the number of spermatozoa reaching the ovum decreases, the probability of detecting both males decreases too (Fig. 2) .
Moreover, the efficiency of PCR reactions in amplifying alleles differs according to allele size (Gilliland et al. 1990) , producing a preferential amplification of shorter alleles that is more pronounced when alleles differ in size by ten or more nucleotides (Walsh et al. 1992) . Accordingly, in all the cases where only one of the alleles from one male was amplified, this was the shorter one. This is also suggested by Carter et al. (2000) , in particular for the locus with larger differences in size between alleles and for alleles larger than 200 base pairs.
We have shown that the error rate can be as high as 100% when trying to amplify the very large alleles in low concentration samples where these alleles represented only 20% of the target sequences. This indicates that one must be cautious in assuming that the lack of amplification of a particular male's alleles is due to the absence of its sperm in the perivitelline layers and also suggests that all males with a representation of at least 20%, should be detectable in PVL samples when more similarly sized alleles are used. We can be reasonably sure that in our simultaneous insemination experiment sperm from both males reached the eggs. In fact, we detected both males in the first eggs laid by the four females. However, from the third or fourth egg onwards only one of the males was detected, normally the one with the smaller alleles. It would be unwarranted to claim that only spermatozoa from one male reached those eggs, a more probable explanation being allelic dropout due to the number of spermatozoa reaching the perivitelline layers decreasing and then the concentration of templates becoming lower.
Therefore, PVL typing can be used, though with caution, to reveal the presence of sperm from more than one male in the infundibulum when fertilisation occurs (Carter et al. 2000, this study) . By using several microsatellite loci it is possible to obtain a conservative estimate of the number of males competing to fertilise a particular egg, although the identity of the males might not be ascertained if allelic dropout can not be ruled out. The more probable application is in experimental studies where females are inseminated with sperm from different males of known genotype, allowing to choose the best markers to avoid the problem of differential amplification of alleles. A multiple-tube approach (Taberlet et al. 1996) is needed, the concentration of the sample should be maximised, and markers for which the range of allele sizes is small, such as dinucleotide repeats, would perform best. It would be advisable testing experimentally the detection threshold for differently sized alleles at different concentrations using the same markers. If allelic dropout happens, markers for which competing males present similarly sized alleles (ideally less than ten base pairs different, Walsh et al. 1992) should be chosen. If this is not possible, comparing the results obtained when using a marker for which a male presents larger alleles than the second, competing male, versus another marker for which that male presents smaller alleles than the second male would reveal whether allelic dropout is occurring. Gilliland, G., Perrin, S., Blanchard, K. and Bunn, H. F. 1990 .
Analysis of cytokine mRNA and DNA: detection and quantitation by competitive polymerase chain reaction. Taberlet, P., Griffin, S., Goosens, B., Questiau, S., Manceau, V., Escaravage, N., Waits, L. P. and Bouvet, J. 1996. Relaible genotyping of samples with very low DNA quantities using PCR. On the offshore island Helgoland, passerine birds killed by predators (feral cats Felis catus and raptors, mainly sparrowhawks Accipiter nisus) during stopover were measured and weighed when found freshly killed and still intact. Supplemented by data of migrating birds ringed on Helgoland and predated on the island later on, age and body mass of victims were compared to live birds trapped on Helgoland during ringing operations. In the eleven species considered, most predator kills fell within the lightest 20% of birds measured during ringing, regardless of which type of predator was involved. It seems that the risk of being heavy due to fuel loads with respect to reduced escape performance is overestimated. The higher exposure of light birds due to more intense foraging and displacement to suboptimal habitats is probably of higher biological significance by offering conspicuous prey for predators. The lower risk of heavy birds when prey of different body condition is available for predators has implications for modelling optimal migration behaviour, and predation risk is perhaps not an important factor for migrants when deciding on site use. ''Vogelwarte Helgoland'', Inselstation Helgoland, Postfach 1220, D-27494 Helgoland, Germany. E-mail: 6olker.dierschke@ web.de Among other factors, the hazard of predation constrains bird behaviour during the non-breeding season. In addition to time and energy effort and tactics used to escape attacks of predators (e.g. Cresswell 1993 , Quinn 1997 , behaviour is adjusted in many ways to avoid predation (e.g. Thompson et al. 1974 , Cresswell 1998 , Cimprich and Moore 1999 . Because a high wing loading was shown to decrease manoeuvrability and takeoff ability in response to aerial predators in theory (Hedenströ m 1992, Hedenströ m and Rosén 2001) as well as in experiments (Witter et al. 1994 , Kullberg et al. 1996 , adjustment of body mass to the presence of predators was shown to be an important tool to lower predation risk (Lima 1986 , Gosler et al. 1995 , Lilliendahl 1997 , even on a diurnal scale (van der Veen and Sivars 2000). During migration, despite an often high density of predators (e.g. Aborn 1994), birds cannot maintain a low body mass, because nutrients needed for JOURNAL OF AVIAN BIOLOGY 34:1 (2003) the migratory flight have to be accumulated and stored in the body. The resulting high body mass causes lowered escape performance and thus makes heavy birds an easier prey for predators. Therefore, migratory stopovers are regarded as periods of very high predation risk, particularly as vigililance against predators is reduced in favour of high foraging rates Furness 1984, Moore 1994) . During migration, birds often have to stopover in habitats which they are neither familiar with nor adapted to morphologically (e.g. Bairlein 1981, JenniEiermann and Jenni 1999) . This is perhaps especially true for lean birds which lack fuel to continue flight until an adequate stopover habitat is found. Such lean birds landing in an unknown environment with foraging opportunities to be explored and the concurrent need to refuel can also be expected to be at high predation risk. This kind of risk possibly includes all juvenile migrants, because during their first migration they always arrive at unknown sites and are unexperienced in dealing with variable predation hazards. The exposure of lean and young birds may even be increased by their lower social rank, which leads to displacement from safer habitats (Woodrey 2000) .
V. Dierschke, Institut für Vogelforschung
From the considerations above, two contradictory hypotheses about which category of birds is under increased predation risk during migratory stopovers can be derived. First, predation risk is higher for heavy birds with high fuel loads, because the high wing loading decreases the take-off ability and makes capture for predators easier. Alternatively, lean birds are especially prone to encounter predation because their exposure to predators is strongly due to their urgent need for feeding, probably along with low social rank compared to already settled birds (Veiga 1986 ) and inexperience (Woodrey 2000) . To investigate these hypotheses, the body condition of passerine migrants predated by feral cats Felis catus and raptors (mainly sparrowhawks Accipiter nisus) at an offshore stopover site was examined.
Methods
The small island of Helgoland (150 ha), situated 50 km offshore in the southeastern North Sea, is commonly used by many passerine migrants for stopovers. In order to assess the body condition of birds killed by predators, birds trapped from 1989 -2001 in large funnel traps (nine species) or with spring traps (meadow pipit, northern wheatear; henceforth, for scientific names see Table 1 ) were considered as baseline data. Trapped birds were ringed, aged according to plumage characteristics or levels of skull ossification (Svensson 1992, Jenni and Winkler 1994) , measured and released. Over the many years of study, much data about body mass have been gathered. Comparison with early departing individuals and birds killed during nocturnal migration at towers has shown that body condition of birds trapped during diurnal stopovers is in general representative for birds migrating across the southeastern North Sea (Dierschke and Bindrich 2001) . Of the various measurements taken, only the length of the third primary (P3 measured to the nearest 0.1 mm; Jenni and Winkler 1989) and the body mass weighed to the nearest 0.1 g with an electronic balance are considered. Due to size differences within species, body mass of bird i (BM i ) was standardized with BM s = BM i +b (P3 i − P3 a ) with P3 a as the average length of third primary of all individuals of a given species measured. Coefficient b was derived from a linear regression of BM against P3 for all individuals with fat score 2 according to Kaiser (1993) . Although less related to body size than wing length, P3 length was chosen for standardization because wing length was not measured in many of the ringed birds. However, P3 is closely correlated to wing length in all species studied, with r 2 values ranging between 0.819 (European robin) and 0.936 (willow warbler).
For spring and autumn migration separately, the birds of each species were ranked according to BM s . A possible sampling bias towards the trapping of light birds, which perhaps stay longer and then would have a higher probability to be caught, can be neglected, because stopover length of passerines is generally short on Helgoland as indicated by low retrap rates (in most species well below 10%) and short intervals between first and last trapping (below five days in the majority of birds; Dierschke et al. 2000, Dierschke and Bindrich 2001 were collected for further examination. Many birds were found only occasionally, but most of the cat kills were picked up during the monitoring of predation by cats at a feeding site offered for a feral population of 20 -30 domestic cats (1999 -2001) . Birds killed by cats typically missed some feathers on the back or had parts of their primaries bitten off. Raptor kills were identified by interrupted plucking of feathers. Most raptor kills could be attributed to sparrowhawks (by far the most abundant raptor at Helgoland, Dierschke 2001) because they left their prey when disturbed by trapping activity in the funnel traps. There was no evidence of other raptors involved with the carcasses dealt with in this study, although predation by merlins Falco columbarius does occur on Helgoland. If freshly dead and not missing any body parts (except some feathers), predated birds were measured and weighed in the same way as trapped birds. If carcasses were wet from rain or dew they were allowed to dry for 2 -3 hours. As only birds being dead for less than a few hours were examined, an effect of desiccation can be excluded. On Helgoland, all types of habitat are much smaller than the home ranges of cats and raptors, and most carcasses were found in situations when prey was carried away from the place of capture. As migrating birds are present nearly everywhere on the small island (even in atypical habitats; V. Dierschke unpubl.), a habitat bias in the sample of either trapped or predated birds is unlikely. Many of the carcasses found coincided with surprising the predator (especially sparrowhawks), which left its prey immediately. It is therefore unlikely that predators preferably left lean birds rather than fat ones. In addition, feral cats were fed regularly and hunting for food was not essential for them.
A second source of body mass data of victims consisted of those birds trapped in the funnel traps (1989 -2001) and captured by raptors or cats after their release. In these birds the body mass at trapping was considered (cf. Cresswell 1995) . Because migrant passerines usually stay a very short time and in most cases do not gain body mass during such short stays (Raiss 1976 , Institut fü r Vogelforschung unpubl. data), the body mass at predation is not expected to deviate much from the body mass at trapping.
Standardized body mass of predated birds was compared with live birds trapped in the funnel traps by conversion to a percentile of ranked BM s of the same species and the same migration period (spring or autumn migration). For instance, a willow warbler carcass weighing 7.8 g corresponds to the 9.1 percentile of all willow warblers trapped and ranked by BM s . This procedure allowed me to divide victims into five classes of body mass occurring at Helgoland during migration, with ranked BM s between 0 and 20% being the lightest and those between 80 and 100% being the heaviest birds. The four birds belonging to both subsets of victim data (i.e. found freshly killed and carrying a ring) were only included in the group of measured carcasses. In four birds, the type of predator remained unclear. As 43 of the 50 raptor kills could be attributed to be captured by sparrowhawks, all raptor kills were treated as one group in the analysis. Only species with more than five carcasses were considered in this study.
Dead birds were collected under license from Landesamt fü r Natur-und Umweltschutz des Landes Schleswig-Holstein (issued 6 January 1997).
Results
Whereas cats were the main predators in most passerine species, thrushes were mainly captured by raptors (Table 1) . In a logistic regression with the type of predator (cat or raptor) as the dependent variable, the species of the victims was the only significant independent variable (P = 0.039) in a model classifying 74% of all victims correctly (n =192, 1 2 = 4.48, P =0.034), but other variables (age of victim, percentile of ranked BM s , season; see below) did not discriminate between kills of cats and raptors. Furthermore, the percentage of first-year birds was nearly the same in raptor (90.5%, n = 42) and cat kills (88.4%, n =112; 1 2 = 0.14, P = 0.713) during autumn migration. Thus, victims of cats and raptors did not differ regarding relative body mass and age, and therefore were treated together in further analyses.
Half of the 196 passerine migrants predated belonged to the 20% lightest birds, and 79% of the victims fell into the lightest 50% of birds compared to the overall body mass of passerine migrants stopping over on Helgoland (Fig. 1, Table 1 ). Only 5% of the victims belonged to the 20% heaviest birds. The predominance of light victims holds true for most species, but a relatively large proportion of heavy birds was predated in the song thrush (Table 1) .
A logistic regression with the group of birds (trapped in funnel traps or captured by predators) as dependent variable and with species of victim, age (less or more take-off ability (Witter et al. 1994 , Kullberg et al. 1996 . With regard to transport cost, migrants adapt their body mass by restricting very high fuel loads to situations where large ecological barriers have to be crossed (Bairlein 1991, Schaub and Jenni 2000) . In contrast to this continent-wide pattern, increased predation risk due to refuelling acts on a smaller time scale. Within a few days birds at one stopover site would pass through various levels of risk, if the level of body mass actually is equivalent to risk.
In this study, both types of predator captured birds belonging mainly to the lightest fraction of migrants stopping over. This is in line with the data on large falcons taking the weakest wader individuals wintering in Mauritania (Bijlsma 1990) , and goshawks Accipiter gentilis and common buzzards Buteo buteo capturing the fraction of juvenile birds in worst condition in the Netherlands in summer (Bijlsma 1998 ). In the only study dealing with migrating birds, willow warblers mist-netted during stopover on a Greek island did not differ in body mass from conspecifics successfully hunted by Eleonora's falcons Falco eleonorae during active migration (Biebach 1992) . In contrast to studies on wintering shorebirds (Kus et al. 1984 , Whitfield 1988 , Bijlsma 1990 , first-year passerines stopping over on Helgoland were not captured by raptors and cats more often than adults. Thus, inexperience does not seem to be a crucial risk factor for migrating passerines, despite some examples of higher risk for first-year birds presented by Woodrey (2000) . Alternatively, the effect of experience is hidden by the stronger effect of body mass.
The demonstration in this study that the lightest birds most often fell victim to predation, suggests that exposure to predators is likely to be a more important factor than escape performance. This is not surprising in the case of predation by cats, because take-off speed of alarmed birds is affected by mass only to a small degree (Veasey et al. 1998 ). However, the lightest fraction of birds was taken even by raptors, which capture prey by chase, when a mass-dependent reduction of manoeuvrability of prey (Hedenströ m 1992) would be the most crucial component of risk. Therefore, it seems that the importance of reduced escape performance caused by the carrying of fuel loads is overestimated and possibly not biologically significant in terms of predation risk. That predation risk increases with increasing body mass has been shown for single birds in experiments (Witter et al. 1994 , Kullberg et al. 1996 , but this effect is probably not valid in the ecological context during stopover in the wild. Among many birds present at a stopover site, vulnerability acts through factors which bring certain individuals into exposure to predators, such as body condition, social rank and than one year old), season (spring or autumn) and percentile of ranked BM s as well as the interaction terms of the latter with species, age and season as independent factors, resulted in a model with season (PB0.001) and percentile of ranked BM s (PB0.001) as the only significant factors and classifying 99.7% of all cases correctly (n =72868, 2 2 =172.4, P B 0.001). When the same analysis was applied to spring and autumn migration seasons separately, the percentile of ranked BM s remained the only significant factor discriminating between trapped birds and victims of predators (spring: n =27730, 1 2 =16.7, P B0.001; autumn: n=45138, 1 2 =104.0, P B0.001). Thus, age could not be identified as a factor of increased predation risk.
Discussion
Experimental evidence exists that passerines in winter carefully adjust their daily pattern of body mass to the presence and activity patterns of predators (van der Veen and Sivars 2000), even though the relatively small range of body mass changes in winter did not influence take-off abilities of birds tested with simulated predator attacks (Kullberg 1998) . During migration much larger variation occurs in body mass due to depletion of energy stores during migratory flight and subsequent refuelling (e.g. Piersma 1987 ). During stopover, high fuel loads cause (i) increased transport costs (Klaassen and Lindströ m 1996) , (ii) reduced manoeuvrability (Hedenströ m 1992) and (iii) reduced experience. Whereas lean birds with urgent nutritional demands are probably more exposed, heavy birds may monitor predation risk from shelter (Koivula et al. 1995) , allow for reduced foraging intensity Weber 1997, Moore and Aborn 2000) and thus, adjust refuelling rate to the local situation of predation risk (but high refuelling rates were found especially in heavy individuals; Schaub and Jenni 2001) . Such a trade-off between safety and refuelling rate was recently found on a spatial scale in western sandpipers Calidris mauri stopping over at the Pacific coast of Canada (Ydenberg et al. 2002) .
It seems that during migration the best strategy to minimize predation risk probably is to attain a good body condition and a high social rank rather than to maintain good escape performance due to low body mass. The latter is generally impossible because it is crucial for birds to store fuel for onward migration. The advantage of being heavy implies that it may be profitable to leave a stopover site with a surplus of energy stores, i.e. with more fuel than needed for the flight itself. In addition to the described insurance against encountering headwinds during flight and starvation at arrival (Sandberg 1996 , Weber et al. 1998 , such overloads therefore could also serve to prevent high predation risk at arrival.
In conclusion, rapid refuelling as proposed for time-minimizing migrants in optimal migration theory (Alerstam and Lindströ m 1990, Weber et al. 1998 ) is not contradictory to safety interests during stopover. As foraging intensity (as a measure of exposure to predators) rather than fuel load (as a measure of escape performance) seems to be the determinant of predation risk during stopover, according to the model of Weber et al. (1998) site use would mainly be explained by refuelling rate, which can be below maximum. Thus, predation risk modifies the stopover behaviour, but is probably not an important factor in the decision between choosing or skipping a stopover site. This is in line with a study of northern wheatears on Helgoland, where presence and flight activity of raptors did not influence the departure decision (Dierschke and Delingat 2001) . On the other hand, unsuitable refuelling conditions were actually observed to promote early departures from stopover sites (Bibby and Green 1981 , Spina and Bezzi 1990 , Morris et al. 1996 . High densities of penguins in their colonies and the continuous use of these sites over consecutive reproductive periods increase the risk of development of tick populations. We have studied the effects of tick parasitism by Ixodes uriae in a colony of king penguins Aptenodytes patagonicus at Possession Island during three breeding seasons. We investigated the prevalence and periods of tick infestation during the one-year breeding cycle of penguins. The effects of tick parasitism on penguin breeding performance were assessed from photographs of the colony and with an automatic penguin identification system. We compared two groups of penguins carrying individual subcutaneous electronic tags, one group breeding in an infested area and the other in a non-infested area. Tick feeding activity was coincident with the periods when adult penguins stayed ashore for six days or more, i.e. during the incubating period. This duration corresponds to the duration of a tick meal on the host. The level of infestation varied between years. Penguins showed a lower incubating success in infested areas during a year of high infestation. In an infested area, individuals seen with ticks had a lower breeding success in rearing a one-year old chick than those seen without ticks. Arles, France. E-mail: michel.gauthier-clerc@wanadoo.fr A consequence of animal coloniality is the increased likelihood of development and transmission of ectoparasites (Møller 1987) . High tick densities in seabird colonies have been implicated in desertion and chick mortality (King et al. 1977 , Duffy 1983 , Boulinier and Danchin 1996 , Bergströ m et al. 1999a . Ixodes uriae is widespread in the subantarctic areas where several millions of seabirds breed. This tick parasitises a large number of seabird species (Murray and Vestjens 1967 , Gauthier-Clerc et al. 1998 , Bergströ m et al. 1999b , Frenot et al. 2001 and is known to be a vector of viruses (Nuttall 1984) and of the Lyme disease agent Borrelia burgdorferi (Olsen et al. 1995 , Gauthier-Clerc et al. 1999 , Gylfe et al. 1999 . However, data on the potential impact of tick parasitism on subantarctic seabird populations are still scarce (Haemig et al. 1998 , Bergströ m et al. 1999b ).
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King penguins Aptenodytes patagonicus are colonial seabirds breeding on subantarctic islands. Their breeding cycle is unusual because it exceeds one year. Adult king penguins are significant hosts for Ixodes uriae ticks (Gauthier-Clerc et al. 1998 . The tick cycle lasts for at least three years in the Crozet Archipelago (Frenot et al. 2001) . Each developmental stage (larva, nymph, adult) takes one blood meal during the bird's breeding season. The duration of the blood meal is at least six days for each tick stage (Murray and Vestjens 1967, Barton et al. 1995) . Ticks are on the penguin only during the blood meal and live on the ground, mainly under stones, during the rest of the time (Frenot et al. 2001) .
The aim of this study, carried out in a colony of 25 000 breeding pairs at Baie du Marin on Possession Island (46°25%S, 51°45%E), Crozet Archipelago, was to determine (i) the prevalence and periods of tick infestation in relation to the presence of adult king penguins on shore, and (ii) the impact of tick infestation on the breeding performance of the hosts.
Materials and methods
In most seabirds, it is not possible to estimate tick load without handling them and deflecting the feathers. The precise feeding sites of ticks on king penguins were first determined on infested birds found dead (Gauthier-Clerc et al. 1998 ) and verified thereafter on several dozens of birds caught during other studies of penguin biology. The feeding sites of nymphs and adult females are the head and neck of penguins, and only a few percent feed on cloaca or legs (Gauthier-Clerc et al. 1998) .
In king penguins, the feathers on the head and neck are short and dense. They form a smooth plumage. When a nymph or adult tick takes a blood meal, the penguin feather is raised and creates a hole in the plumage, which is easily seen. Tick larvae, however, are small and do not raise penguin feathers; they remain invisible. To determine whether adult penguins were infested with ticks or not, we used binoculars or telescope to avoid disturbance. We noted the presence of visible ticks or raised feathers on the head and neck. A three-class index of tick load was constructed: level 0 for no visible ticks or raised feathers, level 1 (mild infestation) for less than 20 visible ticks/raised feathers and level 2 (severe infestation) for more than 20 visible ticks/raised feathers. According to comparisons with several dozens hand-held birds, the index underestimates real values by a factor of two or three.
Prevalence and period of infestation
To determine the phenology of the tick infestation in relation to the penguin breeding cycle in 1996 -1997, 1999 -2000 and 2000 -2001 , one hundred adult king penguins, randomly sampled, were visually checked for ticks once a week from September to March. During the rest of the year, the penguins were monitored daily to evaluate the tick infestation during the breeding period in relation to the rest of the year. We regularly counted the total number and the number of infested adult penguins in a 50 m 2 area of the colony (about 50 breeding pairs) from October 1996 to January 1997, i.e. from about one month before courtship until the end of incubation , 2002 .
Ixodes uriae requires an attachment time of six days for a blood meal (Murray and Vestjens 1967) . We determined the probability per month that the adult penguins stayed ashore six days or more. To determine the duration of the sojourns of king penguins in the colony we employed an automatic identification setup to detect the passage of birds micro-tagged with transponders (TIRIS-Texas Instrument Recognition and Identification System; see Descamps et al. 2002) . Transponders are miniature tags (length 30 mm, diameter 3 mm, mass 0.8 g) sterilely implanted under the skin between the leg and tail of the bird and do not require a battery. Detection antennas activate the passive transponders electromagnetically up to a distance of about 0.7 m and in response receive the identification code of an individual each time it passes. The breeding area considered (with about 10 000 pairs) was connected to the sea by three pathways (about 3 m wide), where antennas for bird identification were installed and connected to a computer, which collected the data. The sequence of signals from the pair of antennas on each pathway told if a bird was entering or leaving the breeding site. Fifty birds were caught on the beach between 17 and 28 February 1998 and fitted with a transponder when they went to refeed at sea after being relieved by their partner. The duration of the sojourns in the colony of these birds was determined from July 1999 to March 2001.
Tick abundance and breeding success
The incubation success was estimated by the ratio of the number of breeding penguins at the beginning of the incubation period and at the beginning of the brooding period. The number of breeding king penguins was assessed by counting penguins present on photographs taken on 14 November 1996 and 9 February 1997. Pictures were taken with a 50 mm focal lens. Counts were done on 20 squares of 100 m 2 . Tick infestation within each square was estimated by the proportion of infested incubating birds during the peak of the infestation.
We compared the success in rearing a one-year old chick between birds breeding at an infested site (Site I) and at a non-infested site (Site NI). During the austral winter 1996, we conducted an intensive study of the tick habitat in the penguin colony. Ticks appear in aggregations under stones, numbering up to several thousand individuals under a single stone (Gauthier-Clerc et al. 1998 , Frenot et al. 2001 . Stones were turned and searched for ticks to determine if an area was infested or not, and a cartography of tick aggregations was established (Gauthier-Clerc, unpubl. data). The two breeding sites, Site I and Site NI, both of 100 m 2 and at 30 m distance from each other, were checked again for ticks on the ground in October 1999 to confirm their infestation and non-infestation, respectively. In the 1999 -2000 breeding season, we compared two groups of birds (45 individuals in each group) breeding at Site I and Site NI. Incubating birds were marked by spraying a non-permanent dye (Porcimark ® , Biototal) on the belly feathers during the first incubation shift for the males and 15 days later for the females. Birds were captured on the beach and micro-tagged with transponders in December 1999 and January 2000 after being relieved by their partner. The automatic identification system described above allowed us to determine the breeding success for each individual, by recording and analysing the alternation of sojourns at sea and in the colony from December 1999 to Statistical analyses were run using the Systat software package. Results were considered significant at the 5% level. Values are reported as means 9SE.
Results

Prevalence and period of infestation
The maximum tick infestations occurred during the incubation peaks on 2 December 1996 (16% of adults), 15 December 1999 (18% of adults) and 26 December 2000 (12% of adults) (see Fig. 1 ). The infestation was more severe in 1996/1997 than in 1999 -2000 and 2000 -2001 (level 2: 44%, 1% and 25% infested adults, respectively). Tick infestation began during the mating of adult king penguins in November and peaked during the incubation (Fig. 2) . During moult in October, adults stayed onshore for three weeks, mainly outside the breeding areas in rivers and streams, which were not tick infested. No adult penguin was seen infested during the winter period or the moulting period in spring. Fig. 1b shows the number of adult penguin sojourns in the colony lasting ]6 days. While the number of sojourns was similar in summer and winter, most winter sojourns were very short. From April to October the proportion of sojourns ]6 days long represented on average only 2% of the total. Sojourns of ] 6 days were frequent from November to March, which also corresponded to the tick infestation period (Fig. 1a) .
Breeding cycle and breeding success
Incubation success in the different areas, estimated by the ratio of the number of breeding penguins at the beginning of the incubation period and at the beginning of the brooding period, was significantly and negatively correlated to the tick infestation in summer 1996 -1997 (r= −0.679, N = 20 squares of 100 m 2 , PB 0.001; see Fig. 3 ). brooding and crèching periods from February to November (Frenot et al. 2001, Mangin et al. unpubl. data) . The fact that ticks do not take blood meals on king penguin chicks in winter despite the permanent presence of the host may suggest that environmental factors, such as frequent rainfalls and low temperatures in winter may limit the tick activity (Frenot et al. 2001 ). An alternative explanation is that ticks do not have the ability to discriminate chick and adult penguins and consequently face a high risk in winter of attaching to adult penguins departing to sea. We found that tick infestation was highly variable between years and that the impact of ticks on penguins was related to the size of the tick population. The levels of infestation in 1999 -2000 and 2000 -2001 were lower compared to 1995 (GauthierClerc et al. 1998 , Frenot et al. 2001 . Tick populations vary greatly and are obviously influenced by the quality of their habitat and changes in annual precipitation (Frenot et al. 2001 ). This variation of tick infestation had consequences on penguin reproduction. In 1996 -1997, incubation success was lower in infested areas. In a previous study, Gauthier-Clerc et al. (1998) reported that the high infestation of the 1995 -1996 and 1996 -1997 summers induced some deaths, and several dozen birds were observed in poor condition. Similar observations were made in 1997 -1998, but not in 1999 -2000 and 2000 -2001 . Our comparison of breeding success was made during a year of low infestation in 1999 -2000 and it was not significantly different between the groups breeding in the infested and in the non-infested areas. However, in the infested area, individuals seen with ticks had a lower success in rearing a one-year old chick than those seen without ticks (18% versus 30%). The adverse effects of tick load have been shown on seabird chicks of several species (Boulinier and Danchin 1996 , Morbey 1996 , Haemig et al. 1998 , Bergströ m et al. 1999a ). The physiological reasons of the adverse effects are not known. The pathological effects of ticks on a host may include blood loss, causing anemia (Chastel et al. 1987) , inoculation of toxins (Gothe et al. 1979 ) and transmission of pathogens such as viruses (Nuttall 1984) . In king penguins, ticks may take so much blood away that the infested birds suffer, but it is not shown by a lower haematocrit in infested individuals according to a separate survey (Gauthier-Clerc et al. unpubl. data) . King penguin weighing 12 kg is the second heaviest seabird after the emperor penguin (Aptenodytes forsteri; Croxall 1987) . That means that the tick load on penguins probably needs to reach several hundred ticks to have an impact by blood spoliation or toxin inoculation. However, adults reach their lowest body mass of the breeding cycle during the incubation fasts , 2002 . The blood spoliation on a dead hyperinfested adult was estimated at 100 -300 ml, which corresponds to more than 10% of its total blood volume Using the automatic identification system, we compared the breeding success of the 90 transponder equipped birds of Site I and Site NI in 1999 -2000, a year of low level of infestation. The infestation was more severe in 1996 -1997 than in 1999 -2000 (infestation: 67% and 22% of breeding birds, respectively). The proportion of birds successful in rearing a one-year old chick did not differ significantly between birds breeding at Site I and Site NI (24% vs 29%, respectively, Gtest =0.512, P =0.474). However at Site I, birds seen with ticks had a lower success in rearing a one-year old chick than those seen without ticks (18% vs 30%, respectively, G-test =5.81, P = 0.05).
Discussion
Previous studies have found that the tick activity was coincident with the host's breeding season (Barton et al. 1995 , Morbey 1996 . However, the breeding cycle of the king penguin lasts more than a year (Descamps et al. 2002) . The infestation was limited to periods when the probability that a host stays ashore for more than the minimum attachment time required for engorgement, i.e. six days (Murray and Vestjens 1967) , was the highest. If a tick took a blood meal on an adult penguin after March, the probability that the penguin stays ashore six days or more was only 4%. This means that the probability was high that the tick would finish its meal when the penguin was at sea. The best period for tick engorgement on adult penguins is during the summer, November to February, when 30 -50% of the penguins sojourned on shore for six days or more. This may optimise the chances for ticks of successfully finding their host and of detaching in a suitable location. However, despite a large survey of chicks in infested areas, the infestation was almost absent during the (Gauthier-Clerc et al. 1998) . Such birds, infested with hundred or thousands ticks, were common from 1995 to 1997, but not from 1999 to 2001. Parasitism may also affect foraging at sea. Tick infestation leads to large featherless areas in king penguins, which could increase heat loss and affect diving efficiency.
